An Investigation of Fraxinus Americana Branch Sway Using a 3 Dimensional Motion Capture System by Campiformio, Anna T
University of Connecticut
OpenCommons@UConn
Master's Theses University of Connecticut Graduate School
5-3-2012
An Investigation of Fraxinus Americana Branch
Sway Using a 3 Dimensional Motion Capture
System
Anna T. Campiformio
University of Connecticut - Storrs, anna.campiformio@uconn.edu
This work is brought to you for free and open access by the University of Connecticut Graduate School at OpenCommons@UConn. It has been
accepted for inclusion in Master's Theses by an authorized administrator of OpenCommons@UConn. For more information, please contact
opencommons@uconn.edu.
Recommended Citation
Campiformio, Anna T., "An Investigation of Fraxinus Americana Branch Sway Using a 3 Dimensional Motion Capture System" (2012).
Master's Theses. 253.
https://opencommons.uconn.edu/gs_theses/253
	  	  
 
An Investigation of Fraxinus americana Branch Sway  
Using a 3 Dimensional Motion Capture System 
 
 
 
 
 
 
Anna Campiformio 
 
B. S., Natural Resources & the Environment, 2009 
 
 
 
A Thesis 
Submitted in Partial Fulfillment of the 
Requirements for the Degree of  
Master of Science 
at the 
University of Connecticut 
2012 
 
 
 
 
	  	  
APPROVAL PAGE 
 
Master of Science Thesis 
 
 
An Investigation of Fraxinus americana Branch Sway  
Using a 3 Dimensional Motion Capture System 
 
 
 
Presented by 
Anna Campiformio, B. S. 
 
 
 
Major 
Advisor_________________________________________________________________ 
Mark Rudnicki 
 
Associate 
Advisor_______________________________________________________________ 
Jason Vokoun 
 
Associate 
Advisor_______________________________________________________________ 
Kevin D. Murphy 
 
 
University of Connecticut 
2012 
	  	   I	  
 
Table of Contents 
ACKNOWLEDGEMENTS III 
ABSTRACT	  	  	  	   V	  
1. INTRODUCTION 1 
 1.1 Literature Review 1 
 1.2 Hypotheses 15 
2. METHODOLOGY 17 
 2.1 Site Description     17  
 2.2 3D Motion Tracking Hardware & Software 17 
  Figure 1. Location of mounted sensors   20 
 2.2 Wind Speed and Direction 21 
  Figure 2. Location of study trees 21 
 2.3 Wind Induced Branch Motion 22 
            2.4 Manual Loading 22 
                        Figure 3. Pruning Treatments for Tree 1 23 
  Figure 4. Pruning Treatments for Tree 2 24 
  Figure 5. Pruning Treatments for Tree 3 25 
            2.4 Analysis 25 
  2.5.1 Wind Speed and Direction 25 
  2.5.2 Wind Loaded Branch Motion 26 
  2.5.3 Manual Loading Branch Sway 26 
3. RESULTS     28 
 3.1 Tree Architecture Measurements  28 
                        Table 1. Tree heights and DBH 28 
                        Table 2. Branch heights and diameters 29 
            3.2 Wind Speed and Direction 29 
	  	   II	  
                   Figures 6 and 7. Total Wind Data and Wind Event 1 30 
                   Figures 8 and 9 Wind Events 2 and 3 31 
                   Figures 10 and 11. Wind Events 4 and 5 32 
                   Figures 12 and 13. Wind Events 6 and 7 33 
                   Figures 14 and 15. Wind Events 8 and 9 34 
                   Figure 16. Wind Event 10. 35         
3.3 Wind Induced Branch Sway 35 
                  Figure 17. Spectral Analysis of Wind Loaded Branches 36 
                  Table 3. Wind Loaded Branch Frequencies 37 
          3.4 Manual Loading: Frequency 37 
                 Table 4. Manual Loaded Branch Frequencies 39 
                  Figure 18. Branch Sway Spectra across pruning treatments 40 
           3.5 Manual Loading: Phase Angles 41 
                  Table 5. Phase angle values across pruning treatments 42 
                  Figure 19. Branch sway signal and generated sine wave overlay 43 
                  Table 6. Phase shift values across pruning treatments 44 
                 Figure 20. No Prune Condition: S4-S5 44 
                 Figure 21. Prune 1 Condition: S4-S5 45 
                 Figure 22. Prune 2 Condition: S4-S5 45 
4. DISCUSSION 46 
            4.1 Wind Loading 47 
            4.2 Manual Loading 49 
            4.3 Hypotheses 50 
           4.4 Improvements and Future Investigations 51 
5. CONCLUSIONS 54 
6. REFERENCES 57 
 
	  	   III	  
Acknowledgements 
 
It is a pleasure to thank the people who made this thesis possible. I am deeply 
grateful for my advisor, Mark Rudnicki, who provided me with an incredible and unique 
opportunity. Working with Mark has allowed me to grow as a person as he helped guide 
me to a career path in the field of Education, which I am eager to begin. Mark’s guidance, 
advice, and friendship have been undeniably paramount to the completion of this thesis. 
Mark forced me to move beyond my comfort zone academically and it is because of this I 
will forever be prepared for any task that is presented to me in the future. I would also 
like to thank Jason Vokoun, who convinced me that graduate school was to be the next 
chapter of my life. It was his persistence that brought me to Mark, which opened the 
doors to a Master of Science degree. It is also with the help of Kevin Murphy that this 
thesis was a success. For his many dedicated tutoring sessions and creation of a Matlab 
program, I am forever thankful. Not only do I want to thank my professors, but I also 
must thank my fellow graduate students with whom I have spent countless hours, 
lamenting over data troubleshooting, and subsequently becoming great friends. One 
fellow student in particular is deserving of a special thank you. David Granucci took on 
the role of mentor and helped me in nearly every aspect of my fieldwork and was always 
a reliable resource. Two other critical members of our field research team during Tree 
Biomechanics Week were Jonathan Perry and John Siefer. Jonathan’s climbing and 
pruning expertise and John’s operation of a Genie lift were crucial to gathering data for 
this thesis. I would also like to thank the sources of funding for this project. The 
monetary support from the Connecticut Agricultural Station, The Tree Fund, Davey Tree 
	  	   IV	  
Expert Company, and the National Soil Foundation made it possible for the research to 
take place and for the completion of this thesis.  
 I owe a very special thank you to several people who provided endless support 
while pursuing my Master of Science degree. Suzie Arildsen and Beth Sheldon were 
always there to answer any question I had, and were always available to chat during a 
much needed study break. I would like to thank my parents for their words of 
encouragement and for always pushing me to achieve more. I am not sure I could ever 
thank my parents enough for instilling in me a work ethic that I will carry with me 
forever. Lastly, I would like to thank my future husband, James, for always supporting 
my decisions and his willingness to help me achieve my endeavors.   
  
	  	   V	  
Abstract 
Wind is a dominant abiotic factor that a tree experiences throughout its lifetime and can 
cause severe tree damage, resulting in risk of injury to humans, and economic and 
ecological losses. It is thought that trees develop structural properties and architectures 
that help withstand loading conditions by dissipating wind energy through damping 
mechanisms. The role of branch motion in reducing potential dangerous wind loads has 
been the focus of relatively few studies. Even fewer studies have examined tree sway 
response to natural wind loaded conditions. In this investigation, branch frequencies were 
calculated for three Fraxinus americana using a three-dimensional motion capture system 
for both wind loading and hand loading conditions. Individual branch frequencies and 
phase angle values were calculated after portions of the tree crown mass were removed. 
Wind loaded branch sway frequencies ranged between 0.2 and 1.1 Hz while the pull and 
release test induced mean frequencies of 0.2 Hz. There was no significant difference 
between phase angle shifts or frequencies after the removal of tree crown mass. The 
hypotheses tested require further investigation as the interference with neighboring tree 
crowns prevented desired tree sway dynamics to occur.  
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1. Introduction 
Trees are subjected to environmental stresses and constraints throughout their 
lifetime. Wind is the most intense environmental factor that influences tree growth and 
stability during a tree’s life (Jacobs, 1936). The ability of trees to withstand mechanical 
loads, like wind, defines tree stability. Tree stability is dependent upon allocated radial 
growth to increase girth to withstand mechanical loads while also growing in height to 
increase access to sunlight (Niklas, 1992, 2005; Jaffe et al., 2002, Moulia et al., 2006). 
However, trees are not always able to withstand the loads to which they are subjected. 
Intense wind or snow loading can cause tree breakage or whole tree failure. Tree 
breakage or failure can result in risk of injury to humans, damage to property, economic 
loss in the timber industry, and ecological disturbance in forested areas (Mitchell et 
al.,1989; Quine, 1991; Everham, 1995; Mortimer and Kane, 2004; Heinonen et al., 2005; 
Schmidlin, 2009). The research field of tree biomechanics seeks to learn more about tree 
stability and sway behavior. The combination of biological and mechanical insights could 
potentially help arborists and forest managers mitigate the risks associated with tree 
failure or breakage by making more informed decisions. A review of the current literature 
reveals areas within the field of tree biomechanics that require further research, in 
particular a more in depth understanding of the role of individual branches as mass 
dampers which may influence overall tree sway behavior and stability.  
1.1 Literature Review 
Knowledge of tree stability under self and external loading conditions can be 
applied to mitigate risk of injury to humans and to prevent economic and ecological loss 
(Quine and Gardiner, 1991; Quine et al., 1995; Everham, 1995; Ancelin et al., 2004; 
	  	   2	  
Cucchi et al., 2005; Peltola, 2006 Heinonen et al., 2009). Quantifying the potential risk 
associated with branch or whole tree failure is a complex task, yet a critical one (Niklas, 
1992; Ruel, 1995; James et al., 2006; Heinonen et al., 2009). Between 1995 and 2007, 
over 400 deaths were the result of wind related tree failure or breakage in the United 
States (Schmidlin, 2009). Tree failure is also responsible for economic loss and 
ecological disturbance (Zeng et al., 2004; Peltola, 2006; Quine et al., 1995; Gardiner and 
Quine, 2000; Sellier and Fourcaud, 2009; James and Kane, 2008). In the timber industry, 
if trees are blown over prior to optimal age of harvest, the profitability of that harvest is 
reduced (Savill 1983; Nieuwenhuis and Fitzpatrick 2002). The greatest amount of 
economic return is lost as the cost of unscheduled harvesting also increases (Quine et al., 
1995; Gardiner and Quine, 2000). Europe experienced significant economic losses in 
January 1990, December 2001 and again in January 2005 in Sweden and Finland 
(Heinonen et al., 2009).  
The research goals within the field tree biomechanics include the prevention of 
economic and ecological losses due to tree failure (Kellomaki and Peltola, 1998; Quine 
and Gardner, 1998; James et al., 2006; James and Kane, 2008), and mitigation of risk of 
injury to humans (Heinonen et al., 2009; Schmidlin, 2009).  To move the field of tree 
biomechanics forward, an integrated understanding of both the biological and mechanical 
basis of tree stability against mechanical loads, with a typical focus on wind loading is 
needed. The field of tree biomechanics includes research associated with 
thigmomorphogenesis (Jaffe, 1973; Jaffe and Forbes, 1993; Jaffe et al., 2002; Niklas, 
2005; Telewski and Jaffe 1986a, 1986b; Telewski, 2006), tree architecture and allometry 
(King, 1991; Bruchert and Gardiner, 2006; Barthelemy and Caraglio, 2007; Rodriguez et 
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al., 2008) static loading mechanisms (Peltola, 2006), dynamic loading mechanisms 
(Bruchert and Gardiner, 2006; James et al., 2006; Spatz et al., 2007; Schindler et al., 
2010), the application of engineering principles to quantify tree stability and behavior 
(Wilson and Archer, 1979), and modeling of wind induced tree behavior under various 
loading conditions to predict the risk of windthrow (Ancelin et al., 2004; Cucchi et al., 
2005; Elie and Ruel, 2005; Heinonen et al., 2009).  
Trees grow in response to multiple mechanical stressors in a manner that allows 
the tree to be best adapted to its specific environment (Rowe and Speck, 2005; Telewski, 
2006; Moulia et al., 2006; Bruchert and Gardiner, 2006). The external mechanical 
stresses acting on plants include wind- induced flexure, rubbing by animals, water spray, 
snow loading, and touch (Knight, 1811; Niklas 2005, Jaffe and Forbes 1993, Telewski, 
2006; Niklas and Spatz, 2006). The growth response of plants to these mechanical stimuli 
is called thigmomorphogenesis, which is defined as an irreversible adaptive response or 
alteration in plant growth caused by external, mechanical influences (Jaffe 1973, 
Telewski and Jaffe 1986 a, 1986 b, Jaffe and Forbes 1993, Telewski 1995, Telewski 
2006). The external forces acting on plants, specifically trees, are called mechanical 
perturbation (MP) (Jaffe and Forbes 1993, Niklas 2005). Mechanoperception is the term 
used to describe the ability of plants to sense and respond to MP (Niklas 1991, 2005, 
Jaffe and Forbes 1993, Telewski 2006). Plants therefore have the ability to alter 
architecture in an effort to adapt to continual mechanical stimuli within their environment 
to avoid breakage and failure. 
Plants regularly survive the stresses and strains associated with increased growth 
in height and subsequently, self-weight (Wilson and Archer, 1979; Cannel and Morgan, 
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1989; Fournier et al., 1994; Fournier et al., 2005; Fournier et al., 2006; Coutand et al., 
2004; Moulia, 2000; Spatz and Bruechert, 2000; Peltola, 2006; Moulia et al., 2006; 
Barthelemy and Caraglio, 2007).  As a tree grows, there is an increase in mechanical 
stresses caused by gravity in addition to mechanical loads. The growth responses to the 
force of gravity and MP in trees include the allocation of reaction wood (Sinnott, 1952, 
Wilson and Archer, 1979, Niklas, 1992, Pruyn et al., 2000; Telewski 2006, Niklas 2005, 
Mattchek and Kubler, 1997). There is an increased reaction wood allocation to stems and 
branches (Almeras and Fournier, 2009), which ultimately influence stem and branch 
orientations and overall crown architecture (Fournier et al., 2005, Moulia et al. 2006). 
This gravitropic response involves the differentiation between wood types allocated to 
stems and branches to establish re-orientation (Fournier et al. 1994, Archer, 1986).  A 
reaction wood, called compression wood, is allocated to the underside of a tilted stem or 
branch in gymnosperms while tension wood is allocated to the upper side in angiosperms 
(Almeras et al., 2005). As a tree grows, its geometry changes as the branches and whole 
tree develop under gravitropic forces (Fransworth and Niklas, 1995). Trees must find a 
balance between allocating growth in height to reach optimal levels of sunlight and to 
radial growth to remain upright against the forces of gravity and wind (Archer, 1986; 
Moulia et al., 2006; Coutand et al., 2007; Jaouen et al., 2010). To optimize growth in 
height and in girth, trees develop architecture that is best suited for that tree to survive 
under environmental and mechanical stresses.  
Tree architectures are influenced by the mechanical stimuli and constraints 
experienced during a lifetime (Wilson and Archer, 1979; Telewski, 2006; Bruchert and 
Gardiner, 2006, James et al., 2006). Mattheck (1991) suggests a constant-stress theory, 
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which describes that trees develop a shape that optimizes for stability under the 
assumption that mechanical loading is evenly distributed along the entire tree surface. In 
addition, Morgan and Cannell (1994) developed a uniform stress theory, which describes 
mechanical loads as being distributed uniformly and vertically along the main stem. The 
nature of the mechanical loads experienced by a tree, varies with tree species, time, and 
location (Cannell, 1993; Rowe and Speck, 2004; Bruchert and Gardiner, 2006, Niklas and 
Spatz, 2006; Barthelemy and Caraglio, 2007). Bruchert and Gardiner (2006) found that in 
a stand of Sitka spruce, those trees along the edge were shorter and less flexible than 
those trees further in the stand. The more exposed trees along the edge allocated more 
growth to girth, as opposed to height in order to withstand the wind loading. These edge 
conditions were in contrast to the interior, where trees within the stand were sheltered 
from the wind by their neighbors. Tree branch architecture can vary greatly, depending 
on species, and reiteration of patterns and positions of branches (Barthelemy and 
Caraglio, 2007). The allometric equation has been applied to tree structures to describe 
tree architectures through the scaling relationships between tree morphology, physiology, 
and overall tree function (King, 1991; Niklas and Spatz, 2006, Barthelemy and Caraglio, 
2007; Rodriquez et al, 2008). James et al. (2006) reported different sway behavior of four 
trees with different architectures under wind loaded conditions, and claims the resulting 
excitation is driven by the different branch architectures. 
Tree allometry, or dimensional relationships (King, 1991), is considered to be 
primarily affected by mechanical stresses (Telewski, 1995). Experiments on the effects of 
mechanical perturbations on tree seedlings, which are intended to replicate mechanical 
stresses experienced by plants naturally, have been conducted in several studies (Mitchel 
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et al., 1975; Jaffe, 1976; Telewski and Jaffe, 1986; Telewski, 1989; Telewski and Pruyn, 
1989; Valinger, 1994, Pruyn et al., 2000). One study in particular, Telewski (2006), 
presents a hypothesis describing the response of plants to mechanical stimuli, at the 
cellular level, called the Thigmo-Mechanoresponse Cascade. After MP of a plant stem, 
the phloem blocks transport and there is an increase in calcium ion transport across cell 
membranes, which prompts cell elongation to cease.  Then, an increased expression of 
calmodulin- related genes are expressed, which prompts cell elongation to resume. It is 
then that callose synthesis occurs after mRNA transcription takes place. There is finally 
an increase in ethylene, which causes an increase in cell division within the vascular 
cambium (Telewski, 2006). The hormone ethylene is believed to increase cell elongation 
in plant tissues under wind loading stresses (Telewski, 2000) and in plant growth 
responses to the force of gravity (Savidge et al. 1983, Steed et al. 2004) and also appears 
to affect the growth of vascular cambium in apical meristems (Coutand et al. 2000) which 
would support the idea that ethylene plays a role in stem thickness as opposed to stem 
elongation (Jaffe and Forbes, 1993).  
Wind induced back and forth motion has been generated artificially in several 
experiments to better understand the effects of wind sway on plant growth and 
physiology by increasing tree motion (Jacobs, 1954; Telewski and Jaffe, 1985a, 1986b; 
Pruyn et al., 2000) and preventing motion through guying and staking (Burton and Smith, 
1972; Valinger, 1992) and tethering (Meng et al., 2006). Several studies observed the 
effects of stem bending moments on the allocation of reaction wood. Trees subjected to 
increased mechanical perturbation showed an increase in stem girth at the site of bending 
rather than an increase in height (Telewski and Jaffe, 1986a; Telewski and Pruyn, 1998; 
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Valinger, 1992). Trees that were restricted from bending by tethering, also increased in 
height (Meng et al., 2006) which has also noted when trees were staked or guy wired 
(Jacobs, 1954; Burton and Smith, 1972; Valinger, 1992). Tree allocation of growth is 
therefore related to the type of mechanical stimuli within a tree’s environment, which in 
turn influences tree allometry. 
Wind is the dominant loading type that influences tree growth and subsequently 
architecture and stability (Jacobs, 1936; Bruchert and Gardiner, 2006; Hale et al., 2010). 
Although trees develop to withstand the mechanical constraints of gravity, they must also 
withstand the mechanical loading of environmental stimuli, of which wind is far greater 
and thought to have the most influence relative to touch, and ice and snow. A large 
number of studies seek to better understand the effects of wind loading on tree sway 
behavior and stability (Jacobs, 1936; Jacobs, 1954; Petty and Swain, 1985; Mayer, 1987; 
Milne, 1991; Valinger, 1992; Roodbaraky et al., 1994; Baker, 1997; Hassinen et al., 
1998; Flesch and Wilson, 1999; Peltolta et al., 1999; Ruel et al., 2000; Bruchert et al, 
2003; Ancelin et al., 2004; Rudnicki et al., 2004; Zeng et al., 2004; Achim et al., 2005; 
Moore and Maguire, 2005; Vollsinger et al., 2005; Bruchert and Gardiner, 2006; James et 
al., 2006; Peltola, 2006; Sellier et al., 2006; Spatz et al., 2007; de Langre, 2008; Gilman 
et al., 2008; Moore and Maguire, 2008; Dupont and Brunet, 2010). Tree sway research 
has utilized two ways of thinking about tree responses to wind: static and dynamic. 
Studies that have investigated tree behavior under wind loading conditions have 
conducted field experiments (Schindler et al., 2010), or modeling (Mayer, 1987; Cucchi 
et al., 2005; Gardiner et al. 2008; Heinonen et al., 2009) or utilized a combination of both 
methods (Hale et al., 2010; Rodriguez et al., 2008). In order to quantify the results from 
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tree sway field and theoretical experiments, the application of mechanical engineering 
theory has been widely used to describe tree behavior.  
The strength of a tree is its ability to utilize the resistive forces of the main stem, 
branches, and root system to avoid overturning and failure (Peltola, 2006). Determining 
the resistive forces of a tree to an applied load is the focus of the static approach to 
understanding tree stability. Determining the critical static load is the approach often used 
to determine the critical wind speed needed for a tree to fail. This approach has led to the 
development of mechanistic models to determine the critical wind speeds that cause tree 
failure (Peltola et al., 1999; Gardiner et al., 2000; Ancelin et al., 2004). In addition to 
these methods, applied modeling, or a combination of failure modeling with actual 
loading mechanisms, have been used in several studies to determine thresholds for 
windthrow risk for both individual trees and whole stands (Ancelin et al., 2003; Peltola et 
al., 1999; Zeng et al. 2004; Elie and Ruel, 2005; Sellier and Fourcaud, 2009). These 
windthrow risk models include Forest Gales and HWIND (Peltola et al., 1997, Gardiner 
et al., 2000, Cucchi et al., 2005) and FOREOLE (Ancelin et al., 2004). Determining the 
drag coefficient of tree crowns is a necessary component of these windthrow risk models, 
which is determined by using a wind tunnel to load the partial tree crowns at wind speeds 
that will likely overturn a tree (Vollsinger et al., 2005). 
The use of static pull tests and wind tunnel experiments have been used to 
calculate the bending moment and the resistive forces of the main stem and root system 
of a tree (Papesch et al., 2007; Moore, 2000; Peltola et al., 2000). Mechanical engineering 
principles have been applied under static loading conditions in order to quantify tree 
stability. The application of beam theory has been used at length to describe tree 
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displacement due to gravity and wind where the main stem is modeled as a tapered pole 
(Wilson and Archer, 1979; Niklas, 1992; Barbacci et al., 2009; Ennos and van Casteren, 
2010; Peltola, 2006). Using this model, under an applied load, a tree responds in four 
ways: bending sways, torsional sways, longitudinal sways, and coupled sways (Wilson 
and Archer, 1979; Mayer, 1987). Young’s modulus of elasticity is considered to 
determine stem stiffness (or flexibility), which describes how well a material resists 
bending under applied loads (Wilson and Archer, 1979; Mayer, 1987; Milne, 1991; 
Niklas, 1992; Spatz and Bruechert, 2000; Niklas et al., 2006; Peltola, 2006; Almeras and 
Fournier, 2009). As a tree grows, the loads of gravity and wind increase, which causes 
the tree to increase its stiffness in order to accommodate the increasing bending stresses 
(Wilson and Archer, 1979). Although gravity is a static load, wind is not. Wind is 
dynamic, changing in speed and direction. Wind is a complex loading mechanism 
because its velocity has a large spectrum of eddy size and frequency (de Langre, 2008). 
When a wind load is applied to a tree, the tree’s response is also dynamic, not static 
(Wilson and Archer, 1979; Milne, 1991; James et al., 2006; Moore and Maguire, 2008). 
Therefore, to better describe the behavior of wind loaded trees and to determine tree 
stability under wind-loaded conditions, a dynamic approach to tree stability research is 
necessary.  
When trees experience an applied load, such as wind, the tree responds 
dynamically through oscillation. As energy is transferred to the tree from a mechanical 
load, such as wind, the tree oscillates at a frequency relative to the energy of the load and 
the resistive forces of the tree. The periodic motion of an object, such as a tree, can be 
described by its amplitude, period, and frequency (Sugden, 1962; Mayer, 1987; Milne, 
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1991; Moore and Maguire, 2004; James et al., 2006). Amplitude is defined as the 
maximum distance the object is displaced from its resting position. The period is defined 
as the time the object takes to complete one cycle of oscillation. The frequency is the 
inverse of the period, where frequency = 1/ period. Therefore, frequency is the number of 
cycles that are completed in a given time (Moore and Maguire, 2004; Inman, 2008). The 
harmonic equation that describes the displacement of an oscillating object is as follows: 
x(t) = A sin (ω (t) – ϕ), where t is the period, A is the amplitude, ω is the natural 
frequency and ϕ is the phase angle.  
Tree oscillations under mechanical loads are necessary for their survival (Mayer, 
1987). Trees have damping, or energy decaying, mechanisms including visceoelastic 
damping, aerodynamic drag, interference with neighboring crowns, and structural 
damping that dissipate the mechanical energy, to prevent the tree from oscillating at its 
resonant frequency, at which point the tree would likely fail (Milne, 1991; Niklas, 1992; 
Kerzenmacher and Gardiner, 1998; Rudnicki et al., 2004; Moore and Maguire, 2005; 
James et al., 2006; Spatz et al., 2007). To better understand the sway behavior of trees, 
several studies have sought to calculate frequencies, modulus of elasticity, and damping 
of trees through various methods (Sugden, 1962; Mayhead, 1973; Holbo et al., 1980; 
Mayer, 1987 Milne, 1991; Gardiner, 1992, Peltola et al., 1992; Baker, 1997; Hassinen et 
al., 1998; Flesch and Wilson, 1999; Moore and Maguire, 2004, 2005; James et al., 2006).  
The common methods utilized in the majority of studies to measure tree sway are 
the pluck test, the pulling test, use of a wind tunnel, and natural wind loading (James et 
al., 2006). The pluck test is often called the pull and release test and involves pulling on a 
rope attached to the tree, forcing the tree to oscillate at its natural frequency (James et al., 
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2006). Another method involves pulling back the tree, using a winch and cable system, to 
its maximum bending moment and then releasing the tree suddenly (Peltola, 2006). 
Although several studies have used the two pull and release methods (Sugden, 1962; 
Milne, 1991; Bruchert and Gardiner, 2006) and utilized various measuring devices, a few 
have used the wind tunnel (Gardiner et al., 1997; Vollsinger et al., 2005) and natural 
wind loading methods (Holbo et al., 1980; Mayer, 1987; Hassinen et al., 1998; James et 
al., 2006; Rudnicki et al., 2008). The devices used to measure tree sway include strain 
gage transducers (Blackburn, 1997; Moore et al., 2005; Bruchert and Gardiner, 2006), 
strain meters (James and Kane, 2008), bi-axial tilt sensors (Schindler, 2008; Flesch and 
Wilson, 1999; Rudnicki et al., 2001), potentiometers (Milne, 1991; Gardiner, 1992; 
Roodbaraky, 1994 ) prism based systems (Hassinen et al., 1998), video based techniques 
(Peltola, 1996) and a Laser Doppler Interferometer (Baker, 1997). However, the most 
common of these devices are the strain meters and tilt sensors.  
Although they are common methods, there are several issues associated with the 
use of pluck tests and pull and release tests, as well as with the strain meter and tilt 
sensors commonly used to record pull test results. First, each of these methods applies 
static loads and not dynamic loads to trees (Sellier and Fourcaud, 2005; James et al., 
2006; James and Kane, 2008). The pull and release tests apply a load to a single point 
along the main stem all at once, which is unrealistic because wind energy is applied to the 
entire tree over a period of time (Sellier and Fourcaud, 2005; James et al., 2006, de 
Langre, 2008). The tilt sensors and strain meters also only record tree sway in only two 
dimension, while in reality, a tree responds to a wind load in three dimensions. Trees are 
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not restricted to two- dimensional motion, and are therefore dynamic structures 
themselves.  
To calculate tree response to wind loading, spectral analysis, usually a Fast 
Fourier Transform (FFT) is conducted on the time series displacement data from swaying 
trees to calculate the dominant sway frequency. The spectral analysis determines the 
frequency of wind-induced vibrations. A method used to determine the effect of the wind 
spectra on tree response spectra, uses a mechanical transfer function to relate the two 
(Holbo et al., 1980; Mayer, 1987). The majority of studies have focused on the 
fundamental mode of tree vibration while a few have focused on higher mode vibrations 
of the stem and branches (Fournier et al., 1993; Sellier and Fourcaud, 2005; Sellier et al., 
2006, 2008; Spatz et al. 2007; Moore and Maguire, 2008; Shcindler, et al., 2010).  
Whole tree sway frequencies have predominantly been calculated for conifer 
species (Sugden, 1962; Mayhead et al., 1975; Milne, 191; Gardiner, 1989, 1995; Peltola, 
1995; Gardiner et al., 1997; Flesch and Wilson, 1999) while only a few have reported on 
various hardwood species (Baker, 1997, James et al., 2006; Smiley and Kane, 2006; 
GIilman et al., 2008). Managed tree stands for timber, are predominantly composed of 
conifer species, which has prompted the majority of investigations concerning tree 
stability to focus on softwood stability and behavior (Mayhead et al., 1975; Petty and 
Swain, 1985; Coutts, 1986; Smith et al., 1987; Blackburn and Milne, 1989; Milne, 1991; 
Gardiner, 1992, 1997; Flesch and Wilson, 1999; Peltola et al., 1999; Gardiner et al., 
2000; Rudnicki et al., 2003; Moore and Maguire, 2004; Moore and Maguire, 2005). 
However, a few studies have focused on hardwood species  (Baker, 1997; Hassinen et al., 
1998; Vollsinger et al., 2005; James et al., 2006; Smiley and Kane, 2006; Gilman et al., 
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2008). Although the majority of research is focused on conifer species, some general 
properties governing tree growth in response to environmental and mechanical stresses 
can be applied to both softwoods and hardwood trees (James et al., 2006).  
A few studies have reported theoretical frequencies of branches for a 20- year- old 
walnut sapling and a maritime pine (Sinoquet and Rivet, 1997; Sellier et al., 2006; Sellier 
and Fourcaud, 2005, 2009; Rodriguez et al., 2008). Spatz et al. (2007) calculated 
eigenfrequencies of branches from a 12 year old Douglas fir tree using the finite element 
method after conducting pull and release tests for the tree intact, and after pruning the 
branches. The results from the calculations indicate that primary, secondary and higher 
order branches contribute to the overall damping in the tree. Even fewer studies have 
reported tree sway caused by natural wind loading (Baker, 1997; Hassinen et al., 1998; 
James et al., 2006) Baker (1997) reported that for a particular architecture of urban grown 
lime trees, the wind loaded frequency was between 0.3-0.6 Hz. James et al. (2006) 
reported dominant and secondary peaks, for four tree species, as two modes of tree sway, 
the latter assumed to be driven by branch sway. Hassinen et al. (1998) also reported 
primary sway frequency of a Scots pine (Pinus sylvestris) at 0.2 Hz and a secondary peak 
at 1.85 Hz.  
A key component of the dynamic structure of trees is branches. When a tree is 
wind loaded, the branches move independently from the main stem of the tree (James et 
al., 2006; James and Kane, 2008). James et al. (2006) describes a dynamic structural 
model for a tree in which the trunk and the individual branches are represented as 
individual dynamic oscillators. Each component has its own mass, its own associated 
spring constant and is attached to a damper (James et al. 2006). The model describes each 
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branch as a mass damper because they reduce the swaying amplitude of the whole tree 
and thus aid in preventing the tree from reaching dangerous harmonic oscillations (James 
et al. 2006). Prior to the dynamic model presented by James et al. (2006), trees were 
modeled as single beams with lumped masses near the top (Sugden, 1962; Saunderson et 
al., 1999) as well as beams with a distributed mass using the Rayleigh method (Gardiner, 
1992). The James et al. (2006) model describes branches as critical components of 
multiple resonance damping. To remove branches from a system in which each 
component reduces wind energy, could potentially alter the overall tree sway dynamics 
and perhaps stability. However, the model presented by James et al. (2006) has yet to be 
tested and would require extensive individual tree measurements for input parameters in 
order to be validated. 
 Several other studies besides James et al. (2006) have investigated the role of 
mass damping from branches by removing tree crown mass (Mayhead et al., 1975; Milne, 
1991; Gardiner, 1992; Moore, 2002; Moore and Maguire, 2004, 2005; Sellier et al., 2006; 
Smiley and Kane, 2006; Gilman et al., 2008). Moore and Maguire (2004) conducted a 
synthesis of studies in which tree crown mass was removed. Moore and Maguire (2004 
and 2005) concluded that natural frequency increases upon the removal of tree crown 
mass, with a noticeable difference only after 80% of the tree crown is removed. The 
effects of pruning on a deciduous tree species was investigated by Smiley and Kane 
(2006) where 20 Acer rubrum nursery grown trees were pruned following suggestions 
from the American National Standard Institute (ANSI, 2001) as these are common 
pruning techniques and trees are pruned in this manner currently. The trees were 
subjected to wind loading of 11, 16, and 20 m/s when placed in the back of a truck. The 
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study reports that no significant reduction in wind load was evident, and would most 
likely not be until the trees were subjected to wind velocities greater than 25 mph. The 
results indicated that the reduction in wind load was related to the amount of mass 
removed by the pruning treatments, however, there was not a significant reduction in 
wind loading for any pruning treatment at any velocity.  
In addition to branches acting as self damping mechanisms for an individual tree, 
neighboring branches induce inter-crown damping (Holbrook and Putz, 1989; Milne, 
1991; Rudnicki, et al., 2001; Rudnicki et al., 2003; Vollsinger et al., 2005; Rudnicki et 
al., 2008). The removal of neighboring trees on forest stands can result in reduced 
stability of individual trees, and can be a source of potential windthrow risk (Flesch and 
Wilson, 1999; Zeng et al., 2004; Dupont and Brunet, 2010). The removal of neighboring 
tree crowns is to remove a mechanism that dissipates the wind energy applied to the tree. 
A tree that has grown within a stand, surrounded by neighbors, relies on those 
neighboring crowns for damping during when wind loading events. If those damping 
mechanisms are removed, the risk of tree failure or breakage increases because the trees 
have not yet acclimated to the sudden lack of support from neighbors (Flesch and Wilson, 
1999; Zeng et al., 2004). Individual branches and neighboring tree crowns are thought to 
be significant sources of damping, preventing tree breakage or failure. However, the role 
of branches as damping mechanisms is not fully understood and requires further 
investigation. 
1.2 Hypotheses 
As James et al. (2006) suggests, the individual branches of a tree act as mass 
dampers, dissipating the wind loading energy applied to the overall tree, thus allowing 
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the tree to escape breakage or failure. The branches prevent the main structure of the tree 
from oscillating at a resonant frequency, because they sway independently from yet 
coupled with the trunk. The oscillations of Pinus pinaster sapling branches behaved as 
coupled damped oscillators, swaying out of phase with the main stem (Sellier and 
Fourcaud, (2005). Although the saplings in Sellier and Fourcaud (2005) were manually 
loaded, the behavior of the branches as coupled and damped oscillators, in conjunction 
with the results of James et al. (2006), is a limited amount of data to confirm the role of 
branches as multiple resonance dampers in mature trees under natural wind loading 
conditions.  
To my knowledge, there is no study, which characterizes the sway frequencies of 
individual tree branches, in situ. In addition, very few studies have focused research on 
hardwood tree species. Previous studies use static loading mechanisms to quantify tree 
sway and very few utilize natural wind loading conditions. The lack of research on 
individual branch sway behavior, particularly that of a hardwood tree species, and under 
natural wind loaded conditions, prompted this research to be conducted. The objectives of 
this investigation were to calculate individual branch sway frequencies of a mature 
hardwood tree, compare the branch frequencies between pull and release tests and wind 
loading events, and to calculate phase angle values for individual branches and phase 
shift values across branches. Two hypotheses were tested during this investigation. 
Hypothesis 1: Wind loaded and hand loaded branch sway frequencies will differ 
significantly. Hypothesis 2: The removal of tree crown mass will decrease the overall 
mass damping of the tree.  
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2. Methodology 
2.1 Site Description 
The study site for this investigation was the Davey Tree Research Farm in 
Shalersville, Ohio (41° 14’ 19” N, 81° 10’ 21” W) during Tree Biomechanics Research 
Week held August 23 -26, 2010. The Research Farm was established in the 1960s, and it 
was at this time that the trees were planted. The soil type at the study site was Ravenna 
silt loam, with 2 to 6 percent slopes. The trees chosen for this study were three, white ash 
(Fraxinus americana L.). Trees were labeled Tree 1, Tree 2, and Tree 3. The trees in the 
stand were even aged and evenly spaced, approximately 15 feet apart.  Sensored trees 
were selected for their branch architecture and their close proximity to neighboring trees.  
Tree height and diameter at breast height were recorded for Tree 1, Tree 2 and 
Tree 3 using a height laser (Laser Technology, Inc., Centennial, CO, USA) and diameter 
tape, respectively. The diameter of each branch upon which sensors were placed, was 
measured and recorded using the diameter tape. The height of each sensor was also 
measured using the height laser.  
2.2  3D Motion Tracking Hardware and Software 
The technology used during this study to record branch motion included a 3D 
motion tracking device, the Polhemus LIBERTY (Polhemus, Colchester, VT, USA) and a 
Dell PC computer. The Polhemus LIBERTY model used, included 8 tracking sensors and 
one source. The source is the long ranger, which emits an electromagnetic field in which 
the sensors may be detected. The system’s reading latency is only 3.5 milliseconds, 
allowing for incredibly fast recording. Six degrees of freedom are recorded using this 
system with an accuracy of .03 inches for the directional coordinates (x, y, and z) and .15 
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degrees for the orientation coordinates (azimuth, elevation, tilt). The LIBERTY has a 
limited range within which the sensors may be detected. The sensors must be within a 
spherical radius of 15 feet (4.6 m) from the source to be detected within the 
electromagnetic field. The electromagnetic nature of the system requires all metal objects 
be removed from the range of the magnetic field emitted by the source in order to prevent 
any distortions in the motion tracking. Motion tracking is recorded at 240 Hz (240 
records per second) however a 120 Hz option is also available. The LIBERTY is 
equipped with software that provides an easy to use Windows Graphical User Interface 
(GUI), which allows the user to define input parameters specific to the intended use of 
the system and to visualize each sensor in the X, Y, and Z planes. The 3D coordinate 
system in which the sensors are located must first be entered through the GUI to establish 
the origin of the coordinate system and the initial position of the sensors. These input 
parameters prevent the sensors from crossing over into other planes and changing signs 
and subsequently values. The user may also record, pause, play, and stop motion 
recording through the GUI. The motion recording of individual objects can be viewed in 
real time through the GUI as well. The LIBERTY communicated with a Dell PC via USB 
connection for this study, however a RS-232 communication option is also available for 
the system. The Dell PC was powered by a Honda generator and was carried by a John 
Deere Gator, creating a mobile recording station for the 3D branch motion data recording 
by the Polhemus LIBERTY.  
After selecting the three trees for the study, branches were chosen upon which to 
mount the electrical sensors. Although the Polhemus LIBERTY has the ability to use 8 
sensors, only six were used for this investigation, therefore, motion was recorded for 6 
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branches on each of the three trees studied. Sensors were mounted on secondary and 
tertiary branches. Both the source and the sensors were mounted at canopy height starting 
with Tree 1. The source was fastened to a wooden stand, which was then bolted to a 
custom made wooden trestle ladder placed next to the tree, and then raised to a height 
that allowed all mounted sensors within the tree crown to be within the 15- foot spherical 
radius, with the source as its center. Diameter at Breast Height and diameter of each 
branch at sensor mounted height, were recorded for each tree using a diameter tape while 
tree height and the height of each sensor were recorded using a height laser. The sensors 
were mounted using a combination of zip ties and duct tape. Sensors were fitted with 
custom length wires so as to achieve sufficient mounting height within the tree canopy. 
This process was repeated for Tree 2 and Tree 3. Figures 1 depicts the location of each 
mounted sensor on the branches in Trees 1 -3.  
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Figure 1. Locations of Sensors 1 through 6 mounted to branches on Tree 1, Tree 2 
and Tree 3.  
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2.2 Wind Speed and Direction 
Wind speed and direction were recorded at the Davey Tree Research Farm site in 
Shalersville, Ohio during the course of this investigation. An aluminum tower mounted 
with a RM Young wind monitor (Campbell Scientific, Logan, UT) on the top, was raised 
to a height of 40 feet in an open field at the Davey Tree Research Farm approximately 
1,000 feet from the three trees that were investigated (see Figure 2). The wind data 
collected by the monitor was recorded using a Campbell Scientific CR-3000 (Campbell 
Scientific, Inc.). Wind speed and direction were recorded every second beginning August 
23, 2010 through August 26, 2010.   
 
Figure 2. Location of the Wind Monitor relative to the three study trees. 
  
	  	   22	  
2.3 Wind Induced Branch Motion 
 Wind induced tree sway motion was recorded for Tree 1 on August 23rd beginning 
at a time of approximately 12:30 p.m. until approximately 7 p.m. Wind induced tree sway 
events were only recorded for Tree1 as there were no other major wind events after 
August 23rd. Wind induced branch motion was recorded for approximately 15 minute 
intervals, resulting in 10 branch motion recording events. For each wind induced branch 
motion event, the frequency of each of the six branches was calculated using a Fast 
Fourier Transform (FFT) spectral analysis. The assumptions made for the spectral 
analyses were to use exact signal length, subtract the mean, de-trend, and applied a 
Hamming window with a width of 11.   
2.4 Manual Loading 
 Pull tests were conducted August 24 through August 26, 2010. Each tree was 
subjected to pull tests to induce sufficient crown motion so that branch frequency and 
phase shifts could be calculated. Using a rope fastened around the first notch of the tree 
and a 4- pulley system, each tree was pulled with the quadrupled force of two field 
researchers. The goal of each pull event was to establish tree crown motion to induce 
branch interaction.  
For each tree, pruning treatments were applied and carried out by a professional 
arborist. The pruning conditions included No Prune, Prune 1 and Prune 2. The tree crown 
remained intact for the No Prune condition while 1/3 of the tree crown was removed for 
the Prune 1 condition and an additional 1/3 of the tree crown was removed for the Prune 
2 condition. With each pruning treatment, 2 sensors were removed. Therefore only two 
sensors remained after the Prune 2 condition because a total of six sensors were mounted 
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on each tree. The pruning treatments for Tree 1 resulted in the following order of sensor 
removal: Prune 1- sensors 1 and 6, Prune 2- sensors 2 and 3, and sensors 4 and 5 were the 
last remaining sensors (Figure 3). The pruning treatments for Tree 2 resulted in the 
following order of sensor removal: Prune 1- sensors 3 and 4, Prune 2- sensors 1 and 2, 
where sensors 5 and 6 were the last remaining sensors (Figure 4). The pruning treatments 
for Tree 3 resulted in the following order of sensor removal: Prune 1- sensors 1 and 3, 
Prune 2- sensors 5 and 6, and sensors 2 and 4 remained after all pruning treatments 
(Figure 5). After each pruning treatment, four pull tests were applied to each tree, two in 
the East- West direction and two in the North-South direction, therefore, a total of 12 pull 
tests were conducted for each tree.  
 
Figure 3. Schematics of branches removed during pruning treatments Prune 1 and 
Prune 2 for Tree 1. 
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Figure 4. Schematics of branches removed during pruning treatments Prune 1 and 
Prune 2 for Tree 2. 
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Figure 5. Schematics of branches removed during pruning treatments Prune 1 and 
Prune 2 for Tree 3.  
 
2.5 Analysis 
2.5.1  Wind Speed & Direction 
 Wind speed (meters per second) and direction (degrees) were recorded by the R. 
M. Young wind monitor (RM Young Company, Traverse City, Michigan, USA), once 
every second using the CR- 3000 data logger during the course of the investigation, 
August 23 through 26, 2010. The data was converted to a text file format and was 
graphically displayed as wind roses using the program Oriana 3 (Kovach Computing 
Services, Anglesey, Wales). One wind rose was created for the wind events that 
coincided with each of the wind induced branch motion recording events.  
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2.5.2 Wind Induced Branch Sway Data  
Analysis of the branch motion data was conducted using the statistical program 
Statistica (Statsoft, Inc., Tulsa, OK, USA). The displacement values for each branch in 
the x, y, and z planes were recorded using the GUI as a .mot file. The .mot files were then 
converted to .txt files. The .txt, formatted files of displacement values were imported into 
the program Statistica. The Data Miner tool in Statistica was utilized for organizing the 
displacement data for each sensored branch and spectral analysis. The total displacement 
of each sensored branch under wind loading conditions was calculated using the 
Pythagorean theorem. The total displacement values were used to create time series 
graphs. The time series data then underwent spectral analysis to calculate sway 
frequency. The total displacement for the wind- induced motion of each branch was 
calculated, which was then subjected to spectral analysis (FFT). Each FFT output 
(Periodogram vs Frequency) was plotted on a Log scale. It was from these outputs that a 
dominant frequency for each of the six branches for each wind event was determined 
from the spectral output. Frequencies were compared, to test Hypothesis 1 between 
branches and across the pruning treatments using the Kruskal-Wallis test.  
2.5.3  Manual Loaded Branch Sway Data 
The methods for calculating total displacement of each sensored branch, with 
each pull and release test was identical to the method used for wind loaded branch sway. 
The displacement data from each of the 4 pull tests for each of the three trees, underwent 
spectral analysis of a Fast Fourier Transform (FFT). The FFT outputs were plotted. The 
frequency of the branch motion was determined from these FFTs by recognizing the 
frequency with the greatest power. 
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In order to gain insight into the behavior of tree branch interactions and the 
potential of mass damping, the phase angles for each sensored branch and phase shifts 
between branches were determined. Phase angles were determined from the time series 
data from each branch motion recording. A Matlab program (MathWorks, Natick, MA, 
USA) was created by Dr. Kevin D. Murphy, in the Department of Mechanical 
Engineering at the University of Connecticut to determine the phase angles of each 
branch motion recording. The program imported each branch displacement signal from 
the pull tests and then using the least mean squared method, generated a fitted sine 
function to 30 seconds of the actual branch motion signal. The sine function was as 
follows: x(t)= A ω (t) – ϕ, where A is the amplitude of the signal, ω is the natural 
frequency in Hz, t is time in seconds, and ϕ is the phase angle in degrees.  The program, 
which generated the sine function, required frequency, amplitude, and phase angles 
inputs, which were chosen based on visual assessment of the plotted original signal and 
FFT results of the frequency. The input values of frequency, amplitude and phase angles 
that generated the signal, which matched the actual branch motion signal, were 
considered the function values of the actual branch motion signal and therefore were 
recorded.   
Phase angle values from the generated signals for each branch were compared 
between sensors and across pruning treatments by calculating phase shift in order to 
determine the differences in branch motion amongst the 6 branches measured for each 
tree. Particular attention was paid to the phase shifts between the two remaining sensors 
of Prune 2 for each tree. A Kruskal-Wallis test, a one way analysis of variance by ranks, 
was applied to determine if any significant change in phase shifts existed between sensors 
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4 and 5 on Tree 1, sensors 5 and 6 on Tree 2, and sensors 2 and 4 on Tree 3 across the 
three pruning treatments. These analysis methods were applied to each of the three trees 
studied. A Kruskal-Wallis test was used because only 12 pull tests were applied to each 
of the three trees, and these populations were not normally distributed. The Kruskal-
Wallis test also allowed for comparison of phase shift behavior across the three trees.  
3. Results 
3.1 Tree Architecture Measurements 
 The tree heights ranged between 17.24 and 19.47 meters and the DBH values 
were approximately 26 centimeters for each tree (Table 1).  
Table 1. Tree height and diameter at breast height for each of the three White Ash 
trees. 
Tree Measurements 
Tree Height (m) DBH (cm) 
1 17.60 26.4 
2 17.24 26.2 
3 19.47 26.8 
 
 Six sensors were mounted on branches in the crowns of each of the three trees 
(Table 2). The heights of the sensors on the branches in Tree 1 were between 9.56 and 
10.37 meters and the diameter of the branches on which the sensors were mounted ranged 
between 6.5 and 9.6 cm. The heights of sensors on the branches in Tree 2 were between 
9.05 and 11.66 meters and the diameter of the branches on which the sensors were 
mounted ranged between 6.1 and 9.0 cm. The heights of the sensors on the branches in 
Tree 3 were slightly higher than the other two trees. The heights ranged between 11.82 
and 12.61 m and the branch diameters were between 4.2 and 10.4 cm. 
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Table 2. Sensor heights and branch diameters of branches on which sensors were 
mounted. 
	  	   Height	  (m)	   Branch	  Diameter	  (cm)	  
Sensor Tree	  1	   Tree	  2	   Tree	  3	   Tree	  1	   Tree	  2	   Tree	  3	  
1 10.37 10.22 12.61 7.6 6.1 4.2 
2 10.37 10.76 12.12 9.6 9.0 10.4 
3 10.29 9.56 12.05 9.2 7.3 8.8 
4 9.99 9.05 11.80 8.5 6.7 8.5 
5 9.79 10.91 11.82 8.6 6.2 5.6 
6 9.56 11.66 11.85 6.5 7.5 5.7 
 
3.2 Wind Speed & Direction 
Wind speed and direction was recorded throughout the investigation, however, 
only wind speeds on August 23rd 2010 were sufficient enough to induce crown motion. 
Wind speeds on August 24th and 25th were fairly low and therefore did not induce crown 
motion, and manual loading was conducted. Figure 6 represents wind speed and direction 
throughout the entire recording period on August 23rd, while Figures 7 through 16 
represent the wind speed and direction data recorded during each wind induced branch 
motion event on August 23rd. The maximum wind speed achieved during each wind event 
did not exceed eight meters per second. The wind throughout all wind events was 
predominantly blowing in the South- West direction. 
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Figure 6. Wind speed and direction over all wind events on August 23rd.  
 
Figure 7. Wind speed and direction during Wind Event 1.  
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Figure 8. Wind speed and direction during Wind Event 2.  
 
Figure 9. Wind speed and direction during Wind Event 3.  
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Figure 10. Wind speed and direction during Wind Event 4.  
 
Figure 11. Wind speed and direction during Wind Event 5.  
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Figure 12. Wind speed and direction during Wind Event 6.  
 
Figure 13. Wind speed and direction during Wind Event 7.  
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Figure 14. Wind speed and direction during Wind Event 8.  
 
Figure 15. Wind speed and direction during Wind Event 9.  
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Figure 16. Wind speed and direction during Wind Event 10.  
 
3.3 Wind Induced Tree Sway 
 Wind induced branch motion was recorded for each wind event. From the branch 
motion time series data, branch sway frequency was determined from FFT analysis for 
each of the 6 sensored branches on Tree 1. The FFT outputs were plotted on a 
logarithmic scale (Figure 17). The frequency of branches with sensors 1, 2, 3, and 6 each 
swayed at a consistent frequency of 1.1 Hz for Wind Events 1 through 10 while branches 
with sensors 4 and 5 swayed at frequencies between 0.2 and 0.7 Hz (Table 5).  
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Figure	  17.	  Spectral	  analysis	  outputs	  of	  branch	  sway	  measured	  during	  Wind	  Event	  1.	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Table 3. Branch sway frequencies measured during Wind Events 1 – 10.  
Wind Induced Branch Sway Frequency 
Wind Event Sensor Frequency   Wind Event Sensor Frequency 
1 1 1.13   6 1 1.13 
  2 1.13     2 1.13 
  3 1.13     3 1.13 
  4 0.64     4 0.69 
  5 1.11     5 0.71 
  6 1.13     6 1.13 
2 1 1.12   7 1 1.13 
  2 1.13     2 1.13 
  3 1.13     3 1.13 
  4 0.73     4 0.20 
  5 1.12     5 0.20 
  6 1.12     6 1.13 
3 1 1.13   8 1 1.12 
  2 1.13     2 1.12 
  3 1.13     3 1.12 
  4 0.73     4 0.55 
  5 1.13     5 1.19 
  6 1.13     6 1.14 
4 1 1.13   9 1 1.13 
  2 1.13     2 1.13 
  3 1.13     3 1.13 
  4 0.22     4 0.70 
  5 0.22     5 0.20 
  6 1.13     6 1.13 
5 1 1.13   10 1 1.13 
  2 1.13     2 1.12 
  3 1.13     3 1.12 
  4 0.66     4 0.58 
  5 0.66     5 0.58 
  6 1.13     6 1.13 
 
3. 4 Manual Loading: Frequency 
 Tree 1, Tree 2, and Tree 3 were subjected to a total of 12 pull tests each, and three 
pruning treatments: No Prune, Prune 1, and Prune 2 where four pull tests were conducted 
at each pruning level. No Prune, in which the tree crown remained intact with all six 
sensors attached to the branches, included 4 pull tests. The Prune 1 Treatment removed 
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1/3 of the tree crown and 2 sensors, and the Prune 2 treatment removed another 1/3 of the 
crown and 2 more sensors, leaving 2 sensors on branches to record motion of the 
remaining 1/3 of the tree crown.  The frequency of the sensored branches was 
consistently around 0.2 Hz across each of the six branches, across each pruning 
treatment, on each of the three trees (Table 6-8). These frequency values were calculated 
from FFT analysis of the individual branch sway signals (Figure 18). The pull tests 
included pulls in two directions, however, this did not have any effect on the frequency 
so direction was omitted from results. 
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Table 4. Branch sway frequencies for each pull and release test for Tree 1, 2 and 3. 
No Prune   Prune 1   
  
  
Prune 2 
 
  
    Tree 1 Tree 2 Tree 3     Tree 1 Tree 2 Tree 3       Tree 1 Tree 2 Tree 3 
  Sensor Frequency (Hz)     Sensor 
Frequency 
(Hz)     Sensor 
Frequency 
(Hz) 
Pull 1   1 0.20 0.21 0.20   Pull 5 2 0.20 0.22 0.23   Pull 9 4 0.22 0.22 0.23 
  2 0.18 0.21 0.20     3 0.20 0.22 0.23     5 0.22 0.22 0.23 
  3 0.18 0.21 0.20     4 0.20 0.22 0.23   Pull 10 4 0.20 0.21 0.24 
  4 0.18 0.21 0.20     5 0.20 0.22 0.22     5 0.20 0.21 0.24 
  5 0.18 0.21 0.20   Pull 6 2 0.20 0.23 0.23   Pull 11 4 0.22 0.22 0.24 
  6 0.18 0.21 0.20     3 0.20 0.23 0.23     5 0.22 0.22 0.24 
Pull 2 1 0.19 0.22 0.20     4 0.20 0.23 0.23   Pull 12 4 0.20 0.23 0.24 
  2 0.19 0.22 0.20     5 0.20 0.23 0.23     5 0.20 0.23 0.24 
  3 0.19 0.22 0.20   Pull 7 2 0.21 0.23 0.21     	   	  
  4 0.19 0.22 0.20     3 0.21 0.23 0.21     	   	  
  5 0.19 0.22 0.20     4 0.21 0.23 0.21     	   	  
  6 0.19 0.22 0.20     5 0.21 0.23 0.21     	   	  
Pull 3 1 0.19 0.21 0.22   Pull 8 2 0.21 0.21 0.22     	   	  
  2 0.19 0.21 0.22     3 0.21 0.21 0.22     	   	  
  3 0.19 0.21 0.22     4 0.21 0.21 0.22     	   	  
  4 0.18 0.21 0.22     5 0.21 0.21 0.22     	   	  
  5 0.19 0.21 0.22           	   	  
  6 0.19 0.21 0.22           	   	  
Pull 4 1 0.19 0.21 0.20           	   	  
  2 0.19 0.21 0.20           	   	  
  3 0.19 0.21 0.20           	   	  
  4 0.19 0.21 0.20           	   	  
  5 0.19 0.21 0.20           	   	  
  6 0.19 0.21 0.20           	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manual loading across pruning treatments. 	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3.5 Manual Loading: Phase Angles 
Phase angles were determined from the pull test branch motion recording events for each 
for the six sensors on each tree (Table 5). A Matlab program was used to generate a 
signal, which had a known phase angle, to match each of the branch motion signals, in 
order to determine the phase angle for each branch motion- recording event (Figure 19). 
The phase angles for Tree 1 were between 60 and 75 degrees for the first pull test under 
the No Prune condition for the six branches, between 4 and 15 degrees for the second pull 
test, 85 and 93 degrees for the third pull test, and between 46 and 63 degrees for the 
fourth and final pull test under the No Prune condition. The phase angles for Tree 1 under 
the Prune 1 condition, where sensors 2, 3, 4, and 5 remained, were between 29 and 34 for 
the first pull test, 55 and 60 degrees for the second pull test, between 53 and 57 for the 
third pull test, and 62 and 68 for the fourth pull test. The phase angles for Tree 1 under 
the Prune 2 condition, where only sensors 4 and 5 remained, were between 34 and 38 for 
the first pull test, 36 and 37 for the second pull test, 6 and 9 for the third pull test, and 86 
and 88 for the fourth pull test.  
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Table 5. Phase angles of each branch across pruning treatments for Tree 1, 2 and 3. 
  Phase Angles (°) 
  No Prune   Prune 1   Prune 2 
Sensor Tree 1 Tree 2 Tree 3   Tree 1  Tree 2 Tree 3   Tree 1 Tree 2 Tree 3 
1 67 25 43     18       	  	   	  	  
  13 97 64     62       	  	   	  	  
  86 8 19     2       	  	   	  	  
  46 71 65     11       	  	   	  	  
2 67 25 45   29 23 4     	  	   86 
  7 72 70   60 57 27     	  	   80 
  86 12 44   57 4 80     	  	   41 
  63 78 75   68 12 53     	  	   92 
3 64 25 50   34         	  	   	  	  
  6 85 62   56         	  	   	  	  
  93 21 40   55         	  	   	  	  
  70 93 67   65         	  	   	  	  
4 60 28 40   29   1   34 	  	   86 
  5 78 66   57   19   36 	  	   83 
  93 14 44   53   88   6 	  	   42 
  57 86 78   62   68   86 	  	   91 
5 60 23 40   29 36 7   38 0 	  	  
  4 87 70   55 68 1   37 64 	  	  
  92 13 34   53 11 89   9 31 	  	  
  56 80 77   63 37 66   88 21 	  	  
6 75 30 44     27 16     3 	  	  
  15 79 67     76 27     56 	  	  
  85 22 13     4 88     34 	  	  
  46 88 72     28 65     26 	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Figure 19. Sine wave function branch sway (solid line) aligned with generated sine 
wave function (dashed line).  
 The phase shifts were calculated for sensors 4 and 5 on Tree 1, sensors 5 and 6 for 
Tree 2, and sensors 2 and 4 for Tree 3, because these pairs were the last remaining 
sensors on each tree after all pruning treatments were complete. The phase shifts 
calculated, ranged between 0.1 and 4.0 degrees for Tree 1, 2.8 and 9.5 degrees for Tree 2, 
and 0.3 and 15.7 degrees for Tree 3 (Table 6). To visualize the small phase shifts between 
the last remaining sensors for each tree, the signals for each sensors were plotted together 
(Figure 22). 
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Table 6. Phase shift values (in degrees) between the last remaining sensors across 
pruning treatments for Tree 1, 2 and 3. 
No Prune Prune 1 Prune 2 
Tree 1 
0.9 0.2 4.2 
0.8 2.4 0.7 
1.1 0.5 2.5 
1.3 0.2 1.3 
Tree 2 
7.3 9.6 2.8 
8.6 8.2 8.2 
8.8 7.1 3.2 
8.0 8.6 5.5 
Tree 3 
5.5 3.8 0.3 
3.7 7.6 3.3 
0.8 8.3 1.6 
2.9 15.7 0.3 
 
 
Figure 20. Sensors 4 and 5 under the No Prune condition. 
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Figure 21. Sensors 4 and 5 under the Prune 1 condition.  
 
Figure 22. Sensors 4 and 5 under the Prune 2 condition. 
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A Kruskal-Wallis test was applied to determine if there was a significant 
difference between phase shifts, across the three pruning treatments. The statistical 
analysis, where H0= The phase shifts are equal across all three pruning treatments, and 
HA= The phase shifts are not equal across the three pruning treatments, were the 
conditions for each Kruskal-Wallis test for Tree 1, Tree 2, and Tree 3 phase shift values. 
The Kruskal-Wallis test for Tree 1 revealed that H= 3.83 and H0.05, 4, 4, 4= 5.69, therefore, 
Ho could not be rejected. The statistical analysis revealed that there was no significant 
difference in phase shift values across the pruning treatments for Tree 1. The Kruskal-
Wallis test applied to the phase shifts across the 6 branches on Tree 2 revealed there was 
a significant difference where H= 4.96 and H0.05,4,4,4= 5.69, and therefore H0 could not be 
rejected. The test applied to the phase values for Tree 3 branches revealed that there was 
no significant difference across pruning treatments, where H= 7.63, which when 
compared to H0.05,4,4,4=5.69, H0 was rejected. The statistical analysis revealed there was 
no significant change in phase shifts between the last two remaining branches for Trees 1 
and 3, however there was a significant difference for Tree 2.   
4. Discussion 
 This investigation was the first to record branch sway motion in the live crown of 
a mature hardwood tree, using a 3D motion capture system. The two hypotheses tested 
during this investigation sought to compare branch sway frequencies under hand loaded 
and wind loaded conditions, as well as determine if the removal of tree crown mass 
significantly altered the overall mass damping. The results indicate that wind loading 
produces significantly different branch sway behavior than manual loading techniques. 
The consistent branch frequencies and the lack of significant change in phase shift across 
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pruning treatments indicate that the manual loading approach did not provide sufficient 
force to excite more than one mode of vibration for all three trees studied. Wind loaded 
branch sway was much more dynamic and differed greatly from manual loaded branch 
frequencies. Wind loaded branch frequencies were also consistent, maintaining 1.1 Hz 
throughout all wind events, with the exception of Sensors 4 and 5. It is possible that the 
consistency for the wind loaded condition branch frequencies are actually frequencies for 
the whole tree as it collides with neighbors.  
One major obstacle that was met during this investigation was the presence of 
neighboring tree crowns, which most likely prevented tree sways from reaching desired 
intensities. The results from the investigation indicate that measuring forested trees is 
difficult when neighboring tree crowns provide significant amounts of damping, under 
both wind loading and pull and release tests. Improvements to the methods used in this 
investigation are necessary, while the methods that yielded successful results are noted as 
important to incorporate into future research projects.  
4.1 Wind Loading 
 The wind induced branch sway frequencies calculated in this study are unique due 
to the fact that never has individual branch sway motion, caused by natural wind, been 
recorded in 3 dimensions. The FFT analysis revealed that the frequency of the branch 
sway was 1.1 Hz for sensors 1, 2, 3, and 6 on branches in Tree 1, while branches with 
sensors 4 and 5 ranged between 0.2 and 0.7 Hz across all wind loading events. The 
location of sensors 4 and 5 on Tree 1 may be the cause for the difference in branch sway 
frequencies. Sensors 1, 2, 3, and 6 were on branches which were closest to neighboring 
tree crowns, while sensors 4 and 5 were located in the center of the tree crown, a location 
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where branches would unlikely interact with neighboring crowns directly. The FFT 
analysis plots indicate that the dominant frequencies for branches with sensors 4 and 5 
were present within signals from sensors 1, 2, 3 and 6, but were not the dominant 
frequencies of the branch sway signals. Due to the proximity of sensors 1, 2, 3, and 6 to 
neighboring crowns, I would speculate that the dominant frequency of these four 
branches was governed by collisions with neighboring branches. Branches with sensors 4 
and 5 were less likely to collide with neighbors, and therefore the dominant frequency 
found with the motion of branches with sensors 1, 2, 3 and 6, was absent with 4 and 5. 
One other possibility is that branches with sensors 4 and 5 were less damped during the 
wind loading events, however, the phase shift values between sensors 4 and 5 for the pull 
tests indicate very little mass damping during the pull and release tests, that the former 
explanation seems more plausible.  
 The consistency of branches 1, 2, 3, and 6 exhibiting frequencies at 1.1 Hz across 
all wind events, would lead me to believe that 1.1 Hz is the frequency of the branch under 
low windy conditions, colliding with neighbors. If that is the case, then Tree 1 quite 
possibly could behave as an organized system in which the whole tree consistently 
responds to specific wind loads. If the sway behavior of Tree 1 is indeed an organized, 
then the branches would have experienced conditions similar to those on August 23rd, 
when wind loaded branch sway was recorded, throughout its lifetime. Tree 1 would have 
grown in a manner that would allow the tree to dissipate the wind energy in a similar 
manner, many times over. Therefore, Tree1 branches in the past would have swayed at 
1.1 Hz under similar windy conditions. It is important to note that sensors 4 and 5 sway 
frequencies were not consistent. If the conditions were altered, it is possible that the 
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consistency of branch frequencies for sensors 1, 2, 3, and 6 would no longer exist. It 
would be necessary to record branch sway for Tree 1 under greater wind speeds to 
determine if the consistency remains under different conditions. It would also be 
necessary to remove the neighbors. It is possible that trees are organized systems and 
behave consistently under different mechanical loads. It would be necessary to record 
wind loaded branch sway for a number of trees, both with and without neighbors, in order 
to determine if consistency of frequency remains across various conditions.  
4.2 Manual Loading 
 The frequency results from the manual loading tests were significantly different 
from the wind loading results. Frequency and phase angles were determined for each of 
the 6 branches on each of the three trees, across the three pruning treatments. The 
frequency for each of the six branches was approximately 0.2 Hz, across all three trees, 
and across pruning treatments. The phase shift values between the last two remaining 
sensors were not statistically significant across the three pruning treatments, for all three 
trees. The uniformity of the frequency results and the lack of significant change in phase 
shifts across pruning treatments can most likely be explained by the methods used to 
induce tree crown motion during the pull tests. The goal of each pull test was to induce 
tree sway at each tree’s natural frequency. However, each tree was in such close 
proximity to a neighboring tree crown that the tree was highly damped and came to rest 
relatively quickly after the rope was released. The full neighboring crowns made if 
difficult to establish sufficient tree sway for the field researchers as they attempted to 
move the tree at its natural frequency.  
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4.3 Hypotheses 
 Two hypotheses were tested during this investigation. Hypothesis 1 was tested to 
determine whether there was a significant difference between branch frequencies under 
hand loading and wind loading conditions. The branch frequencies under wind loading 
ranged between 0.4 and 1.1 Hz, and were approximately 0.2 Hz for all branches under 
hand loading conditions. The branch frequencies for both loading types were significantly 
different. Therefore, Hypothesis 1 was supported. The branch sway frequencies results 
from the two loading types indicate that hand loading and wind loading methods do not 
induce similar crown motion. The results from this investigation reveal that tree crown 
behavior induced by pull and release tests is not the same as when induced by natural 
wind events. Future investigations of tree behavior under wind loading conditions should 
continue to utilize natural wind events as a loading method rather than pull and release 
tests, as the latter does not depict the full dynamics of tree motion.  
The phase shift values between the last two remaining sensors, across the three 
pruning treatments revealed no significant change in phase shifts for Trees 1 and 3 but 
not for Tree 2. Hypothesis 2 was tested to determine if the removal of tree crown mass 
resulted in a reduction of mass damping. Each pruning treatment removed approximately 
1/3 of the tree crown mass. Therefore, in total, approximately 2/3 of the tree crown mass 
was removed from each tree. The removal of tree crown mass did not result in a decrease 
in mass damping because there was no significant change in phase shift values across 
pruning treatments, for all three trees. With the removal of a significant amount of tree 
crown mass, it was expected that the phase shifts would decrease between the last two 
remaining sensors. Therefore, it was surprising that the results revealed no significant 
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change in phase shift. However, the individual branch sway frequencies remained near 
0.2 Hz across the pruning treatments for all three trees, indicating that a change in phase 
shift would not be expected from these pull and release tests.   
It is possible that the lack of change in both frequency and phase shift is due to 
the inability of the tree crown to induce other modes of vibration using the pull and 
release test method. The comparison between the branch frequencies from hand loading 
and wind loading revealed a significant difference in frequencies between the two 
methods. Therefore, the lack of change in phase shift and frequency after the removal of 
tree crown mass may be a function of the inability to induce sufficient crown motion 
under hand loaded conditions. The inability of the researchers to establish sufficient tree 
crown motion may have been affected by the damping of caused by neighboring tree 
crowns (Milne, 1991; Rudnicki, et al. 2001; Rudnicki et al., 2003, Rudnicki et al., 2008).  
4.4   Improvements and Future Investigations 
The individual branch frequency values calculated in this investigation are the 
first to be measured for a hardwood species. A few studies have reported branch 
frequencies assuming branch frequencies were the same as the main stem and using 
theoretical calculations (Baker, 1997; Hassinen et al., 1998; Sellier and Fourcaud, 2006; 
James et al., 2006; Rodriguez et al., 2008). However, the results from previous studies are 
not comparable to the results of this investigation because the frequencies were not 
directly measured from branches. Future investigations using the Polhemus LIBERTY 
would require the placement of an additional sensor or strain meter on the main stem of 
the trees in order to compare the branch sway behavior to that of the main stem. The 
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frequency of the main stem could be compared to the individual branch sway spectra. 
Using this method would allow direct comparison to other research as well.  
 Future investigations using the LIBERTY system would be best conducted on an 
open grown hardwood tree under both wind loading and pull and release testing 
conditions. Ideally, the wind loading conditions would include wind velocities much 
greater than those recorded during this investigation, and over a longer period of time to 
include several wind events. Measuring wind speeds directly near the tree of interest 
would be necessary to calculate a mechanical transfer function to relate the wind and 
individual branch sway spectra. The consistency of branch frequencies under the wind 
loading condition was only so for a single tree. In order to investigate further the idea that 
trees behave as organized systems to dissipate wind energy, significantly more trees 
would need to be tested. Calculating damping ratio and phase angle values for the wind 
loading branch motion would be included in future investigations as well. A similar 
method used to calculate phase angles from the pull and release test branch motion could 
be modified and applied to wind loaded branch motion. The sine signal function would 
be complex and would most likely require the use of a mechanical transfer function.  
The branch frequency results from the pull and release tests in this investigation 
reveal the need for open grown tree conditions because the damping from the 
neighboring tree crowns in the white ash stand was so significant. The results of branch 
frequencies of an open grown hardwood tree under wind loading conditions, would be 
easily comparable to the branch frequencies from pull and release tests, in the absence of 
neighboring tree crowns, because collisions with neighbors can decrease tree sway 
frequencies (Rudnicki et al. 2003, Rudnicki et al., 2008). Milne (1991) found that 
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removing neighboring branches resulted in 50% less damping for individual trees. To 
better understand how the damping mechanisms of the dynamic sway of individual 
branches of a tree, then neighboring tree crowns would need to be removed prior to 
recorded branch motion in future investigations. 
The method used during this investigation does reveal that the use of a 3D motion 
capture system can successfully determine individual branch sway frequencies, under 
both wind loading and hand loading conditions, however, it would be best suited for an 
open grown tree in order to avoid collisions with neighboring tree crowns. Conventional 
pruning treatments should be applied in future investigations where branch frequencies 
are to be recorded under both pull and release tests and wind loading events. The three 
trees in this study were pruned with the intention of removing crown mass, and did not 
follow conventional pruning practices. Also, only pull and release tests and not wind 
loading were used to induce tree crown motion after crown mass removal. In future 
investigations, branch sway frequency would need to be measured after pruning 
treatments under wind loading conditions in addition to manual loading.  
Future investigation in which neighboring tree crowns are absent would allow 
damping ratios for individual branches, and the main stem of the tree to be calculated 
using the logarithmic decrement method. Damping ratio could not be calculated during 
this investigation because the data recording events were stopped before the tree crown 
came to rest. Damping ratio is a critical value needed to understand how a tree dissipates 
wind energy. The damping contributed by each branch in a mature tree would be 
necessary to validate the dynamic model proposed by James et al. (2006). Damping, 
stiffness, and mass are all required input measurements for the main stem and branches in 
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the dynamic model. Mass of each component of the tree would need to be measured, and 
the known stiffness of the wood would be required. The dynamic model could also be 
utilized in conjunction with pruning treatments to learn how dynamic tree sway 
frequencies are altered with the removal of mass damping components from the system. 
Treating trees as coupled damped oscillators, in which branches can contribute 
significantly to preventing wind damage, is necessary to describe tree behavior and 
predict tree stability accurately.  
5. Conclusions 
The field of tree biomechanics lacked measurements of individual branch sway 
prior to this investigation. This investigation provided new insight into methods that can 
be used to measure individual branch behavior in the future. The removal of tree crown 
mass is of particular importance as safety associated with the management of trees 
continues to be an issue (Mortimer and Kane, 2004, Cullen, 2005; Heinonen et al, 2009). 
To learn more about how the removal of tree crown mass affects mass damping, future 
investigations will require a tree that is free of possible interactions with neighbors. Using 
the pull and release test method to measure tree branch behavior does not yield the same 
results as natural wind loaded tree branch sway. Therefore, future investigations 
concerning the effects of wind events on tree behavior and stability, should utilize 
natural, dynamic wind loading rather than static methods. This investigation did not 
reveal a significant change in branch dynamics after the removal of tree crown mass. The 
interference of neighboring tree crowns in this case is grounds for modifications to 
studying tree branch sway, in which the neighbors are removed from the sway area or an 
open grown tree is studied.  
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The proximity of neighboring tree crowns contributes a significant amount of 
damping. Therefore, if the goal is to study individual tree crown behavior, the tree 
studied should be free of close neighbors. To measure the change in mass damping of a 
single, tree crown, damping caused by collisions with neighbors must be absent.  
Although this investigation did not reveal a significant change in mass damping from 
branches after tree crown mass was removed, the role of neighboring tree crowns as 
contributors to the damping mechanisms influencing tree behavior provides some 
interesting possibilities for future investigations. The role of neighboring trees in forested 
areas as damping mechanisms on individual branches could be addressed using 3D 
motion capture 
The use of the 3D motion capture system provides a more direct way of 
measuring individual branch sway behavior, as opposed to simply measuring the whole 
crown or a single main stem. Quantifying the behavior of individual branches provides 
the individual components to a coupled, dynamic oscillating system. By quantifying the 
behavior of each component of a whole tree, a complete model, such as the dynamic 
model suggested by James et al. (2006) could potentially be validated. The use of 
dynamic models in which the whole tree is a series of coupled systems, would allow 
more accurate predictions of tree behavior under both wind and snow loading. The 
integration of a model that takes into account individual tree attributes, into a windthrow 
risk model could potentially help forest managers make more accurate predictions of 
dangerous wind speeds and snow loads for individual trees and whole stands. However, 
the future of such a model is a long way off. The basic understanding of tree branch sway 
	  	   56	  
must first be more thoroughly investigated utilizing a 3 Dimensional system that captures 
the motion of all tree components, under natural wind loading conditions.  
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